We have used pulsed-laser deposition, following a specific sequence of heating and cooling phases, to grow ZnO nanorods on ZnO buffer/Si (100) substrates, in a 600 mT oxygen ambient, without catalyst. In these conditions, the nanorods preferentially self-organize in the form of vertically aligned, core/shell structures. X-ray diffraction analyses, obtained from 2θ-ω and pole figure scans, shows a crystalline (wurtzite) ZnO deposit with uniform c-axis orientation normal to the substrate. Field emission SEM, TEM, HR-TEM and selective area electron diffraction (SAED) studies revealed that the nanorods have a crystalline core and an amorphous shell. The low-temperature (13 K) photoluminescence featured a strong I 6 (3.36 eV) line emission, structured green band emission and a hitherto unreported broad emission at 3.331 eV. Further studies on the 3.331 eV band showed the involvement of deeply-bound excitonic constituents in a single electron-hole recombination. The body of structural data suggests that the 3.331 eV emission can be linked to the range of defects associated with the unique crystalline ZnO/amorphous ZnO core/shell structure of the nanorods. The relevance of the work is discussed in the context of the current production methods of core/shell nanorods and their domains of application.
6 rate used in this PLD work should be the important parameter influencing the growth mode and kinetics 30 that lead to the formation of the core/shell architecture.
The structural characteristics were investigated by 2θ-ω, and pole figure X-ray diffraction scans (XRD; Bruker AXS D8 Advance and Jordan Valley BEDE-D1 diffractometers),
respectively. The surface morphologies and nanostructures were studied by scanning electron microscopy (SEM; Carl-Zeiss EVO series), field emission SEM (FE-SEM; Hitachi S5500), transmission electron microscopy (TEM; FEI Technai G 2 S -Twin, operating voltage of 200 kV). High resolution TEM (HR-TEM) and selective area electron diffraction (SAED) were studied using the same TEM apparatus. Low-temperature photoluminescence (PL) spectra were recorded (with 1 m model SPEX 1701 monochromator) using 332 nm He-Cd laser excitation.
Results and discussions

Structural properties
Figure 1. 2θ-ω XRD scans for ZnO/ZnO core/shell nanorods (black line) and a ZnO single crystal wafer (red line) (The features marked '*' are due to the adhesive mounting tape used. The features marked '#' are due to Cu K β and tungsten L α radiations from the x-ray tube, the latter Page 6 of 37
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The inset of Figure 1 shows the rocking curve for the (002) reflection from the ZnO/ZnO core/shell nanorods sample (black line) and for the (002) reflection from the ZnO single crystal wafer (red line). The rocking curve of the ZnO/ZnO core/shell nanorods sample has a FWHM of 0.76º which is notably smaller than the data on samples of similar type reported previously for ZnO nanorods. 31, 32, 35 This, together with the 2θ-ω data, indicates excellent crystallite alignment and texture. We note that, as expected, the FWHM of the rocking curve for the ZnO single crystal wafer is much narrower, essentially limited by the instrument broadening (< 0.1º). Since no catalyst was used as a seed in our synthesis method, no other materials or crystalline phases are identified in the XRD data. In conclusion, the XRD analyses confirm that the ZnO/ZnO core/shell nanorod deposit grown by PLD on Si (100) substrates is well-aligned with excellent caxis orientation normal to the substrate surface.
XRD pole figure analyses were also used to undertake a more detailed investigation of the texture and in-plane orientation of the ZnO/ZnO core/shell nanorods. Pole figures of the (002), 
Surface morphology and nanostructuring
The surface morphologies of the core/shell nanorod deposits were studied using SEM, FE-SEM, and TEM. Significant insights into the core/shell nanorods structure were revealed using TEM and HR-TEM analyses, as discussed below. Regions of the samples containing hundreds of ZnO/ZnO core/shell nanorods were peeled off the Si (100) substrate using a surgical blade and mounted on the 300 mesh size TEM grid for analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the pure ZnO phase and provide information complementary to the XRD pole figure data above.
The HR-TEM data also allows us to identify specific regions at the interface between the crystalline core and amorphous shell, indicated by the round circles (from the circled region d of substrates have a core/shell structure (with a crystalline core and an amorphous shell) with Moiré fringes identified at the boundary region where structural defects are expected, which may well be associated with the core/shell boundary interface region.
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Optical Properties
Because of intrinsic and extrinsic defects/impurities, which lead to a range of donor/acceptor levels within the bandgap, ZnO can emit right across the visible spectrum, as well as in the near UV. 38, 39 This is a key advantage for devices such as white light LEDs. However, the absence of stable and high hole mobility p-type material 40 remains the major obstacle for the development of large scale LEDs and laser diodes, and this, in turn, is due to the nature of the defect population in the material itself. In this regard, it remains of crucial importance to understand the defect population in this material, and a powerful tool for the study of such defects is their photoluminescence emission. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and 3.373 eV (A T : transverse free exciton-polariton). Interestingly, an additional broad emission at 3.331 eV was also consistently observed in the low-temperature PL spectra of these samples. The 3.331 eV emission was further investigated by varying temperature and laser excitation power. Figure 6 (a) shows temperature dependent PL spectra from 13 K to 100 K. We observed that as temperature increases the surface and shallow bound exciton emissions quench rapidly. It is clear that the initially strong I 6 line reduces in intensity much faster compared to the 3.331 eV band. The 3.331 eV band can still be clearly seen at a temperature of 100 K and this behavior implies involvement of deeply bound constituents, either an electron or a hole or both.
Generally, two electron satellite (TES) and longitudinal optical (LO) replicas of the line are located in a region 30 -70 meV from the parent emissions. However, since the 3.331 eV band still remains visible at a temperature (100 K) where the shallow bound exciton emission has been quenched, it is not due to a TES of the shallow bound exciton emission. We note that TES of the dominant I 6 line and TES and an LO replica of the 3.331 eV emission are also observed in Figure   6 (a). These temperature dependent PL studies enable us to conclude that the 3.331 eV emission is stable up to 100 K and therefore it is neither a shallow bound exciton, nor a TES or phonon replica of a shallower bound exciton transition, and is therefore the zero phonon line associated with the recombination of deeply bound carriers at a defect in the material.
We have also varied the laser excitation power (using neutral density filters), at a fixed cryostat temperature of 13 K, as shown in Figure 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 shape largely unchanged with varying power of the laser. Slight laser heating effects can just be distinguished at the highest laser power of 6.90 mW, where a small redshift in emission is seen across the entire near band-edge region. It is however clearly observed in Figure 6 (c) that the 3.331 eV band scales in a similar manner to the I 6 shallow bound exciton emission with varying laser excitation power, even at the highest laser powers. This clearly demonstrates that the 3.331 eV emission is associated with a single electron-hole recombination, rather than a bi-exciton or other multi-electron-hole pair crystal excitation, and the slight effects of laser heating at the highest laser power do not in any way affect this conclusion.
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